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Abstract. Controlling light with subwavelength-designed metasurfaces (MSs) has allowed for
the arbitrary creation of structured light by precisely engineered matter. We report on the purity
and conversion efficiency of hybrid orbital angular momentum (OAM)-generating MSs. We use
a recently reported method to design and fabricate meta-surfaces that exploit generalized spin-
orbit coupling to produce vector OAM states with asymmetric OAM superpositions, e.g., 1 and
5, coupled to linear and circular polarization states, fractional vector OAM states with OAM
values of 3.5 and 6.5, and also the common conjugate spin and OAM of �1 as reported in
previous spin-orbit coupling devices. The OAM and radial modes in the resulting beams are
quantitatively studied by implementing a modal decomposition approach, establishing both
purity and conversion efficiency. We find conversion efficiencies exceeding 75% and purities
in excess of 95%. A phase-flattening approach reveals that the OAM purity can be very low due
to the presence of undesired radial components. We characterize the effect and illustrate how to
suppress the undesired radial modes. © 2020 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.JNP.14.016005]
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1 Introduction

Twisting the phase front of light so that it varies azimuthally as expðilϕÞ is well known to
generate orbital angular momentum (OAM), with lℏ imparted per photon,1 where ϕ is the
azimuthal angle. Classically, this is seen as the wavefront comprising l-intertwined helices and
a phase singularity in the center. Exploiting this property of structured light has resulted in a
versatile range of classical and quantum applications, forming a basis for communication, 2–4

quantum cryptography,5 surface microstructure processing,6,7 and the synthesis of helical
microfibers.8 Furthermore, pairing different OAM modes with orthogonal polarization in a non-
separable manner produces vector beams, allowing for smaller beam waists in optical tweez-
ing,9,10 additional applications in optical microscopy,11,12 implementation of quantum
walks,13,14 classical error correction of quantum channels,15 and another resource for quantum
memory.16

It follows that straightforward, simple generation of such OAM beams is largely advanta-
geous for implementation into systems with minimal effort and has precipitated work on
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various devices to accomplish this. Originally this was achieved through alteration of the
dynamic phase by either varying the path length with the thickness of a transparent medium
(spiral phase plate)17 or varying the refractive index with the orientation of liquid crystal (LC)
molecules [LC spatial light modulators (SLMs)].18,19 Nonetheless, dynamic phase requires
involved interferometric methods to generate vector vortex beams, adding complexity for
incorporation of these beams into experiments. Exploitation of geometric phase in 2006 with
the advent of the q-plate (QP),20 however, quickly simplified the generation process for both
scalar OAM modes and vector vortex beams. This is made possible as polarization or spin
angular momentum (SAM) and OAM couples in an optically inhomogeneous, anisotropic
medium such as LC molecules patterned in a particular way. Here OAM of �2q is generated
for an SAM input of right- or left-handed circular polarization (CP), where q is the topo-
logical charge related to the LC pattern. As polarization is used to control the OAM gen-
erated, a single mode of the complex conjugate set (�2q) is easily generated by simply
selecting the input beam polarization. In addition, traversal of the device with a superposition
of the CP states yields a vector vortex beam with a nonseparable pairing of CP and OAM in
the mode generated; this hugely simplifies the experimental creation and implementation of
these beams.

The generation of geometric phase, however, is not limited to LCs and thus may also be
applied to metasurfaces (MSs).21–24 In addition, by utilizing MSs, one can realize a higher res-
olution for the encoded phase pattern due to the smaller fins, allowing for increased versatility.
Specifically, the OAM-to-polarization pairing may be made arbitrary such that the OAM charges
need not be complex conjugates of each other,25 the controlling polarization basis may also be
made arbitrary, e.g., linear instead of circular26 and as MSs can withstand more power, the devi-
ces have, in principle, higher energy thresholds.27

Here we fabricated metasurfaces, exploiting geometric phase to engineer arbitrary hybrid
OAM modes. Our devices generate OAM charges of 3 and 6 with CP, as well as charges
�1 along with 1 and 5 with linear polarization. Furthermore, we extend the possibilities to
include the generation of fractional charges, 3.5 and 6.5, from incident CP. Employing these
elements experimentally, we generate these modes and analyze their operation using a
phase-flattening approach.28–31 This gives a greater quantitative measure of the performance than
the often-used interferometric method whereby a fork or spiral interference pattern is
created.22,25,26,32–34 By utilizing this analysis tool, we are able to explicitly show a full breakdown
of the modal content for the beams generated, including that of the radial distribution, which is
usually ignored. The proper configuration of laser cavities for the direct generation of spatial
modes as an eigenmode35–38 has been the most commonly used technique to date, avoiding the
generation of undesired radial components. We show in this work an example of how an ampli-
tude-phase modulation also allows for high purity OAMmode generation. Moreover, we are able
to precisely define and separate the modal purity and efficiency of the devices, which may be
conveniently determined by analyzing the same results.

2 Theory

2.1 Metasurfaces for Hybrid OAM Modes

Geometric or Pancharatnam–Berry phase39,40 has become a well-used property due to its ability
to couple polarization to OAM and thus allows control of a degree of freedom with another. By
transforming polarization so that it undergoes a change of states that forms a closed loop on the
Poincaré sphere, an associated phase equal to half the area enclosed by the path made by the
transformation is introduced to the light.39 Accordingly, by making this state change vary spa-
tially across the transverse profile of a beam, a spatially varying phase can be engineered41 such
as in the azimuthal direction with OAM generation.20

Owing to the freedom of fashioning the width, length, and orientation of the MSs patterned
across the device, one can control the geometric phase of the light traversing the material.
Increased liberty is, thus, afforded in terms of the polarization bases that can be manipulated
and the resulting OAM modes generated.26 As such, the total angular momentum is manipulated
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with this device, which is termed J-plate (JP). Using the Jones matrix formalism in the linear
polarization basis, the JP transformation may be described as26

EQ-TARGET;temp:intralink-;e001;116;711JðϕÞ ¼
����� eiδ½eimϕ cos2ðχÞ þ einϕ sin2ðχÞ� sinð2χÞ

2
ðeimϕ − einϕÞ

sinð2χÞ
2

ðeimϕ − einϕÞ e−iδ½eimϕ sin2ðχÞ þ einϕ cos2ðχÞ�

�����; (1)

where ϕ is the azimuthal angle, n and m are the integer values, and χ and δ are the angles dictat-
ing the polarization state.

The generalized input polarization basis states are thus,

EQ-TARGET;temp:intralink-;e002;116;628jλþi ¼
���� cosðχÞ
eiδ sinðχÞ

���� (2)

and

EQ-TARGET;temp:intralink-;e003;116;579jλ−i ¼
���� − sinðχÞ
eiδ cosðχÞ

����: (3)

The JP then carries out the operations: jλþi → eimϕjðλþÞ�i and jλ−i → einϕjðλ−Þ�i, with � indi-
cating the complex conjugate. Accordingly, the phase front of the beam acquires a factor of eimϕ

(einϕ) for the basis polarization state jλþi (jλ−i). The beam then obtains m (n) twists in the phase
front, corresponding to an OAM of mℏ (nℏ) per photon, and a change in the polarization state to
its complex conjugate.

Q-plates subsequently form a subset of these operations where χ ¼ π∕4 and δ ¼ π∕2 as the
polarization basis are restricted to circular polarized states (jλþi ¼ jLi and jλ−i ¼ jRi) with
m ¼ −n as the generated OAM must be complex conjugates.20,21 In the case of our MSs, how-
ever, paired control of the polarization basis along with the generated OAM is arbitrary, allowing
the generation of hybrid OAM modes, including the generation of fractional states.

2.2 Modal Decomposition

Traditionally, the operation of such devices are tested by interfering a reference Gaussian beam
and the generated mode (test beam) to yield a spiral interference pattern, as depicted in Fig. 1(a).
The arms in the resultant spiral interferogram realizes the twisted phase front in the intensity
distribution with the number of arms in the pattern indicating the OAM carried in the test beam.
Here the two arms indicate that a charge of l ¼ 2 is carried by the generated beam on the right. It
follows that this forms a more qualitative test on the OAM content as smaller amounts of other
OAMmodes would not be clearly indicated by the interferogram. Awell-researched technique is
available, however, where the reciprocity of light is harnessed to quantitatively look at the
generated modes. The concept thereof is shown in Fig. 1(b). It allows one to not only determine
the modal content of an arbitrary beam, and thus the purity of the mode generated, but also
determine the efficiency at which the conversion takes place. To do so, we express the generated
field Eðr;ϕÞ in a set of orthogonal basis modes, such as the Laguerre–Gaussian modes,
LGp;lðr;ϕÞ:28,29

EQ-TARGET;temp:intralink-;e004;116;230Eðr;ϕÞ ¼
X
p;l

Cp;lLGp;lðr;ϕÞ; (4)

where Cp;l ¼ ρp;leiΔφp;l is the complex correlation coefficient that weights the contributions of
each basis mode (LGp;l). Here ρp;l is the associated amplitude and Δφp;l is the phase between
the ðLGp;lÞ’th mode and an arbitrary reference (often p ¼ 0, l ¼ 0) and

EQ-TARGET;temp:intralink-;e005;116;164LGp;lðr;ϕÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2p!
πw2

0ðpþ jljÞ!

s �
r

ffiffiffi
2

p

w0

�jlj
Ljlj
p

�
2r2

w2
0

�
e
− r2

w2
0e−ilϕ (5)

at the beam waist (w ¼ w0). Here ðr;ϕÞ are the radial and azimuthal coordinates in the trans-
verse plane, l is the OAM index, p ≥ 0 is the radial index indicating the number of intensity
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nulls in the radial profile, and Ljlj
p ðxÞ is the Laguerre polynomial of orders p, l. This expan-

sion in a basis mode set is not limited to LG modes, however, but can be done in any basis
such as Ince–Gaussian or Bessel–Gaussian. The choice of LG modes served to simplify the
analysis.

Quantitative determination of the generated beam purity may, thus, be achieved by decom-
posing it into individual modes by determination of the basis mode weightings, jCp;lj2. A phase-
flattening approach may be taken whereby an inner product of the generated field and the mode
being decomposed into are formed:30,31

EQ-TARGET;temp:intralink-;e006;116;404Cp;l ¼ hLGp;lðr;ϕÞjEðr;ϕÞi ¼
ZZ

R2

LG�
p;lðr;ϕÞEðr;ϕÞd2r: (6)

This is often achieved using an SLM encoded with the associated phase and amplitude
[LG�

p;lðr;ϕÞ], forming a modal filter. Examples of such phase and amplitudes are shown to the
right of the multiplication sign in Fig. 1(b). Taking the Fourier transform thereof allows one to
obtain the relation:

EQ-TARGET;temp:intralink-;e007;116;311Ep;lðkx; kyÞ ¼
ZZ

R2

LG�
p;lðx; yÞEðx; yÞe−iðkxxþkyyÞdx dy; (7)

where ðx; yÞ are the transverse Cartesian coordinates and kx, ky are the associated wave vectors.
Consideration of the on-axis point, ðkx; kyÞ ¼ ð0;0Þ, allows the correlation coefficient to be
recovered from the equivalence to Eq. (6):

EQ-TARGET;temp:intralink-;e008;116;232Cp;l ¼ Ep;lð0;0Þ ¼
ZZ

R2

LG�
p;lðx; yÞEðx; yÞdx dy: (8)

Measurement of the on-axis field then captures the field intensity at that point (Iρp;l), yielding
the weighting of that mode:42

EQ-TARGET;temp:intralink-;e009;116;164Iρp;l ¼ jCp;lj2 ¼ jEp;lð0;0Þj2: (9)

It can be seen that taking the modulus (intensity) eliminates the phase information (Δφ).
Subsequent determination of the relative phases is achievable by interfering a reference mode,
as described in Ref. 29, among others. Analysis of the generated modes, however, only
extended to intensity correlations [Eq. (8)] and thus determination of the phase was not
required.

Fig. 1 A conceptual depiction of the processes and types of data typically obtained by utilizing the
(a) interference and (b) modal decomposition approach for the analysis of a generated mode
(right) by exploiting the known Laguerre–Gaussian modes (left of multiplication sign).
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By running the SLM through the basis mode filters and by capturing the corresponding on-
axis intensities, the weights (jCp;lj2 ¼ jρp;lj2) of the summation in Eq. (4) are determined. This
decomposes that field into the OAM (l) and radial (p) components present. The fraction of
unaltered OAM charge (e.g., l ¼ 0 in our case for an input Gaussian mode) detected in the
decomposition then indicates the conversion efficiency for the light transmitted through the
device:

EQ-TARGET;temp:intralink-;e010;116;663ηE ¼ 1 −
jC0;0j2P
l
jC0;lj2

: (10)

Similarly, the purity (ηP) is then derived from the fraction of OAM detected in the decom-
position that corresponds to the value (e.g., l ¼ n) encoded in the fabricated device:

EQ-TARGET;temp:intralink-;e011;116;597ηnP ¼ jC0;nj2P
l
jC0;lj2

: (11)

Accordingly, the conversion efficiency (quantifying the altered light) and purity (quantifying the
altered light converted into the desired mode) of the MS may be determined. One is thus able to
analyze the losses and modal cross talk altogether. Note that the radial modes are obviated for
simplicity in this case (p ¼ 0), but the same definition of purity (ηnP) may also be extended for the
p mode basis.

As we are able to also decompose the generated mode into the radial (p) parameter of the
LG basis modes, this basis forms a simple platform to fully analyze all the characteristics of
the generated mode, allowing one to cover all the possible spatial degrees of freedom.
Understanding of the radial characteristics can be achieved by looking at the formulation
of the mode produced where incidence of a Gaussian beam profile onto the MS, or any
phase-only modulation device, produces a field of the form El ∝ e−ðr∕w0Þ2eilϕ. Clearly, the
jlj-modulated amplitude term (½r ffiffiffi

2
p

∕w0�jlj) in Eq. (5) is absent. As a consequence, the gen-
erated modes are not eigenmodes of free space, which, paired with high spatial frequencies
near the induced phase singularities, causes the amplitude profile to change dynamics as it
propagates along the z axis.43,44 This is depicted in Fig. 2(a) where the just-modulated
Gaussian mode forms rings around the outer profile and an intensity null near the induced
singularity.

We can analytically describe such beams, quantifying the effect by a decomposition over the
radial terms in the LG basis, El ¼ P

pCpLGp;l, where

EQ-TARGET;temp:intralink-;e012;116;328CpðlÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpþ jljÞ!

p!

s
Γ
�
pþ jlj

2

�
Γ
�
1þ jlj

2

�
Γ
�jlj
2

�
Γ
�
1þ pþ jlj

2

� (12)

Fig. 2 (a) Observation of phase-only azimuthal modulation of a Gaussian profile produces radial
structure and an intensity null near the imparted singularity as it propagates. This equates to a
spread of weightings over the radial modes in the LG basis. (b) Simulation of how the radial modal
weights with p ¼ ½0;20� spread with the imparted OAM charge in the range l ¼ ½0;10�.
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are the weighting coefficients for each radial mode, given the imparted charge l and ΓðxÞ is the
Gamma function. Plotting Eq. (12) in Fig. 2(b) shows how a spread across the radial modes
occurs with this dispersive trend increasing in range and magnitude as the OAM charge
increases. Accordingly, the purity of the radial profile (p ¼ 0) is reduced when phase-only tech-
niques, such as the JP, are used and the amplitude profile is ignored. It follows that the radial
component of the generated modes may also be analyzed with the phase-flattening approach. By
then, accounting for the amplitude modulation in the generation step, the undesired radial modes
may also be suppressed to yield high purity OAM modes.

Similarly, imparted fractional charges, such as for our fabricated MS, have also been well
studied with decomposition into the LG basis analytically described. Considering the fractional
charge, expressed as M ¼ mþ μ, where m is the integer value and μ is the decimal between 0
and 1, the decomposition into l values is determined by the coefficient45,46

EQ-TARGET;temp:intralink-;e013;116;592ClðMÞ ¼ e−iμα
ieiðM−lÞθ

2πðM − lÞ ð1 − ei2πμÞeiαðm−lÞ: (13)

Here α is the orientation of the fractional edge dislocation with 0 ≤ α ≤ 2π and θ indicates the
interval θ ≤ ϕ ≤ θ þ 2π for the azimuthal angle where α is measured from. It can be seen that the
factional modes are comprised a range of OAM charges which are closest to the nearest integer
values of the fractional charge held, as shown in Fig. 3. It may be noted that parameters α and θ
affect only the imaginary component, resulting in no changes in the coefficient modulus. As
such, only the parametersm and μ are varied in Fig. 3, indicating how the weights of the detected
OAM values change for various fractional states. In Fig. 3(a) the integer value is changed
between M ¼ ½0.5; 10.5�, which results in an evenly weighted spread of OAM, decreasing
on either side of the fractional charge. This trend remains constant and shifts with m.
Alteration of the fractional value μ in Fig. 3(b) then shows an asymmetry in the weights to one
side of the adjacent integer charges related to the asymmetry of the fractional value. In Fig. 3(c) a

Fig. 3 Depiction of the simulated decomposition spectra of an (a) evenly split decimal value
(μ ¼ 0.5) with the integer values spanning m ¼ ½0;10� and (b) a variation in the decimal value
between μ ¼ ½0.1; 0.9� for integer value m ¼ 5. (c) A bar graph of the μ ¼ 0.5 of (b) highlights the
spectral trend expected for our fractional device.
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bar graph of the spectrum for M ¼ 5.5 emphasizes the spectrum for the evenly split decimal
value, which was used for our fabricated modes. It follows that quantification of the fractional
MS device performance may thus be determined by comparison of the measured decomposition
with the calculated distribution.

3 Experimental Setup

Following the concept outlined in Ref. 26, we designed and fabricated MSs for the generation of
hybrid OAM states, which may be arbitrarily fashioned in both the paired OAM and polarization
bases as described in Sec. 2.1. Here we engineered the dielectric MS from a patterned array of
rectangular TiO2 nano-posts on a fused Si substrate. This is illustrated in Fig. 4(a), in which
the consequential manipulation of the horizontal and vertical polarization states was expected
to generate l ¼ 1 and l ¼ 5OAM, respectively. Here the width and length (Wx,Wy) was altered
to impart different phase delays to traversing light of 532 nm wavelength and the height was
kept at 600 nm. Accordingly, particular patterning of the nano-posts with varying width and
lengths allows azimuthal phase delays to be imparted on the horizontal, δx, and vertical, δy,
field components as desired in order to engineer a particular phase front related to the incident
polarization. Table 1 shows four such MS devices designed to perform hybrid spin-
to-OAM conversions, which are tested in this paper where jHi ¼ ½1;0�T , jVi ¼ ½0;1�T ,
jRi ¼ 1∕

ffiffiffi
2

p ½−1; i�T and jLi ¼ 1∕
ffiffiffi
2

p ½1; i�T .
Figure 4(b) shows a microscopic image of JP3, which generates a 2π azimuthal phase varia-

tion for incident horizontal polarization and five 2π azimuthal phase variations for incident ver-
tical polarization. Micrographs from a scanning electron microscope (SEM) are shown on the
[Fig. 4(c)] micrometer and [Fig. 4(d)] nanometer scales illustrating the patterning and variation
of the nano-post orientations and shapes comprising the device.

Schematics of the experimental setups used in characterizing the MSs are shown in Figs. 5(a)
and 5(b). In both setups, a beam of the desired size and OAM was generated through phase and

Fig. 4 (a) Exemplary schematic representation of the patterning for JP3 which allows the gener-
ation of helical phase profiles for horizontal and vertical incident polarization states, as detailed in
Table 1. The inset details the schematics of a nano-post. (b) Optical microscopic image of the
device and SEM micrographs of a section on the device in (c) micrometer and (d) nanometer
scales.

Table 1 Table summary of the fabricated MS operations.

MS label Parameters Operation on jHi or jRi Operation on jV i or jLi
JP1 δ ¼ π∕2, χ ¼ π∕4 cJP1jl; Ri → jlþ 3; Li dJP1jl; Li → jlþ 6; Ri

n ¼ 3, m ¼ 6

JP2 δ ¼ 0, χ ¼ 0 cJP2jl; Hi → jl − 1; Hi dJP2jl; V i → jlþ 1; V i
n ¼ −1, m ¼ 1

JP3 δ ¼ 0, χ ¼ 0 cJP3jl; Hi → jlþ 1; Hi dJP3jl; V i → jlþ 5; V i
n ¼ 1, m ¼ 5

JP4 δ ¼ π∕2, χ ¼ π∕4 cJP4jl; Ri → jlþ 6.5; Li dJP4jl; Li → jlþ 3.5; Ri
n ¼ 6.5, m ¼ 3.5
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amplitude modulation on an SLM (Holoeye Pluto). Here, a horizontally polarized 532-nm laser
was expanded with a 10× objective lens and collimated by a f ¼ 300 mm lens to overfill the
SLM where an aperture in the Fourier plane of a 4f imaging system isolated the first order. The
MS was then placed in the image plane of the SLM.

Figure 5(a) depicts the decomposition setup into the LG0;l modes with a lens placed a focal
length away for measurement of the diffraction-limited central intensity pixels in the Fourier
plane with a CCD, yielding the relative intensity coefficients [Eq. (9)]. Insets Figs. 5(i) and
5(ii) illustrate the polarization control for analysis of linear and circular basis MSs, respectively.
A half-wave plate (HWP) positioned before the MS altered the linear polarization between hori-
zontal and vertical. A linear polarizer (LP) then projected into horizontal and vertical compo-
nents. Characterization of the MS in the CP basis required a quarter-waveplate (QWP) positioned
before MS to transform linear into CP. Placement of a QWP and LP after the MS then served to
project into the right and left CP basis. This formed a “reverse”modal decomposition, equivalent
to the relation required in Eq. (6) where the mode sent through the MS was structured to be the
filter.

Figure 5(b) illustrates the setup used for decomposition of the generated beam into radial
modes as well as control of the incident amplitude profile to eliminate production of radial modes
due to the MS phase-only modulation. After structuring the desired amplitude-only profile on
SLM1, the MS-generated mode was imaged onto SLM2 with a 4f system. Here, SLM2 displayed
the desired radial mode filter (LG�

p;l) and the coefficients similarly measured by a CCD in the
Fourier plane of a lens placed focal length away from SLM2.

4 Results and Discussion

From the operations listed in Table 1, the arbitrary nature of OAM generation is shown where JP1
was expected to generate l ¼ 3 for incident right CP and l ¼ 6 for incident left CP, already
exceeding the traditional QP limits where the imparted OAM charges are complex conjugates of
the other. By placing JP1 in the setup described by Fig. 5(a,ii), the mode generated from an
incident Gaussian (l ¼ 0) was decomposed into the LG0;l basis where l ¼ ½−3;10�. This was
achieved by encoding holograms of the associated complex conjugate modes onto the SLM and
selecting the intensities of the diffraction-limited on-axis pixels of the spatial distributions

Fig. 5 Illustration of the experimental setup for modal decomposition of the (i) linear and (ii) CP
basis JPs in (a) OAM and (b) radial modes. CCD, Charge-coupled device; WP, waveplate; HWP,
half-waveplate; QWP, quarter-waveplate; L, lens; LP, linear polarizer; Obj. lens, objective lens;
SLM, spatial light modulator; A, aperture; MS, metasurface.
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recorded in the far field with a CCD. The results are summarized in Fig. 6 where the incident
Gaussian with left (right) polarization is given in the back (front) row of the bar graphs in
Figs. 6(a) and 6(b). Clear bars show the expected weightings of 1 for perfect mode generation
at l ¼ 6 and l ¼ 3, respectively. The transverse intensity profiles as seen in the far field are
given in insets Fig. 6(i) for l ¼ 6 and Fig. 6(ii) for l ¼ 3. Detection of the expected charges is
seen with the bars in Fig. 6(a). However, a notable weighting is also seen for the presence of the
incident mode, l ¼ 0. Further analysis of the beam can be seen by looking at the polarization of
the modes detected. By using the QWP and LP after the MS, to project the generated mode onto
the right and left CP bases, the transverse profiles in Figs. 6(b,i) and 6(b, ii) were seen. Here the
ring profile is right CP in (i) while the central Gaussian remains with the original polarization
(left CP) and vice versa for (ii). It follows that the Gaussian distribution observed was uncon-
verted by the MS with the weights detected in the decomposition indicating the efficiency of the
device according to Eq. (10). Decomposition of the “filtered” modes in the right (left) CP basis
for l ¼ 6 ðl ¼ 3Þ is given in Fig. 6(b). The purity of the generated beam was thus determined
from the fraction of light detected in the designed mode compared to the sum of all the other
measured modes. Accordingly, the presence of peaks with 98% and 99% weightings, respec-
tively, show the generation of very pure modes [Eq. (11)]. By substituting the faction of the
weighting detected for the Gaussian mode into Eq. (10), a conversion efficiency of 83% and
88% was determined from the unfiltered case. It may be noted that this efficiency does not
account for the light lost due to reflection or absorption in the device.

JP2 was expected to generate complex conjugate OAM values of l ¼ �1 in the linear polari-
zation basis. This subsequently results in a mixed SAM, which is the basis for control, contrary
to the pure spin required with QPs. The decomposition here was carried out with the experi-
mental configuration described in Figs. 5(a) and 5(i) where a HWP dictated the linear polari-
zation of the incident Gaussian. Projection of the generated state into the horizontal [Figs. 7(a)
and 7(c)] and vertical [Figs. 7(b) and 7(d)] polarization bases show that the polarization remains
unchanged in accordance with the operational expectations as linear polarization states form
their own complex conjugates. Here the doughnut-like profiles indicate the presence of
OAM in both cases.

The decomposition of these modes is given in the bar graph of Fig. 7 over the range
l ¼ ½−5;5�. Here high weightings are detected at the expected OAM values of l ¼ −1 with

Fig. 6 Experimental results for modal decomposition into the LG0;l basis with l ¼ ½−3;10� for
(a) unfiltered and (b) filtered modes generated from JP1. Clear bars indicate analytically expected
results for perfect performance. Insets give the far-field transverse intensity profiles for generated
modes (i) jl ¼ 6i and (ii) jl ¼ 3i with arrows on the top-right corner showing polarization.
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88% for a horizontal polarized input and l ¼ 1with 88% for a vertical polarized input. Detection
of l ¼ 0 shows the presence of unconverted light [Eq. (10)] in accordance with the slight off-
center positions of the singularities in the transverse profiles.47,48 As the polarization states of the
converted light here remained unaltered, filtration of the unconverted mode was not possible, as
was done in the previous case. This is due to the change in polarization of the converted light,
allowing it to be separated from the unconverted light with polarization optics. However, as no
flip in polarization occurs here, the converted and unconverted light maintain the same polari-
zation and thus cannot be separated accordingly. It follows that while the converted modal purity
is high due to the detection of no other modes, the inability to separate the unconverted light
results in a modal purity [Eq. (11)] of 88% and a conversion efficiency of 89% for both l ¼ −1
and l ¼ 1, reflecting the similar values. It can be noted that the performance of the device for
each polarization basis is within less than 1% difference, meaning that the maximummodal cross
talk would be lower than −20 dB in the worst case. The operation of JP3 illustrates the totality of
the arbitrary nature by which the MS can be designed where arbitrary OAM can be paired to
mixed SAM states. Here the device was expected to yield states of l ¼ 1 and l ¼ 5 for incident
horizontal and vertical polarization states, respectively. Using the same experimental configu-
ration as for JP2, the generated modes were decomposed into the OAM range l ¼ ½−3;10�,
which is presented in Fig. 8(a). Similarly, due to the linear nature of the polarization basis,
it was not possible to filter out the unconverted light. Accordingly, detection of l ¼ 0 can
be seen along with the expected peaks for l ¼ 1 and l ¼ 5 in the respective cases. The absence
of other detected modes indicate a high degree of purity for the converted light with conversion
efficiencies of 96% and 85% being the main source of reduction in purity (96% and 83%). Insets
(i) and (ii) of Fig. 8 show the far-field spatial profiles of the beams with the central null in
Fig. 8(i) being mostly centralized as the conversion efficiency of the MS here was very high.
The greater amount of light in the center of Fig. 8(ii) thus indicates the greater inefficiency for
conversion of the mode into l ¼ 5, showing also slightly higher modal cross talk with the neigh-
boring modes.

Here we also consider the radial purity of the l ¼ 5 mode, in comparison to Eq. (12), by
decomposition into the LGp;5 basis with the filter beam waist equated to that of the incident
Gaussian. This was carried out with setup Fig. 5(b) where SLM1 was used to structure the
appropriate-sized Gaussian as illustrated in inset Fig. 8(b, iii), yielding the modal structure
seen in Fig. 8(b, iv) with a flat phase front. The generated mode was then decomposed with
radial mode filters displayed on SLM2 where p ¼ ½0;10�. Excellent agreement can be seen
between the predicted and measured values with a similarity of over 99%. It follows that the
nature of the radial spread is equivalent to that of the modes generated by other phase-only
devices. Here a substantial spread is seen over all 10 measured modes with only 15% of the
measured weights remaining in the desired p ¼ 0 mode and the dominant radial mode moved
outward to p ¼ 1 with a 16% contribution. Such radial contributions, or purity, can be
extracted from Eq. (11), considering a fixed OAM now (l ¼ 5) and performing a similar

Fig. 7 Experimental results for modal decomposition into the LG0;l basis with l ¼ ½−5;5� for
modes generated from JP2. Insets give the far-field transverse intensity profiles for generated
modes jl ¼ 6i in the horizontal (a) and vertical (b) polarization bases and jl ¼ 3i in the horizontal
(c) and vertical (d) polarization bases with arrows on the top-right corner showing polarization.
Clear bars indicate analytically expected results for perfect performance.
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decomposition along the radial modes ηrP ¼ jCr;5j2∕
P

pjCp;5j2, where r is the radial mode
being characterized.

By additionally structuring the amplitude of the light incident onto the MS into a jlj-depen-
dent doughnut profile shown in Fig. 8(b,ii), we also show that it is possible to remove this phase-
only modulation effect. Here Fig. 8(b,i) shows the hologram displayed on SLM1 where the
phase-profile remains flat. As can be seen in the decomposition spectrum, when the amplitude
structure is also catered for as described in Ref. 43, the radial profile is contained in the p ¼ 0

mode resulting in a measured 95% purity compared to the 15% detected previously.
However, OAM generation with these hybrid devices are not only restricted to integer

charges, but it may also be extended to the fractional regime as expected for the operation
of JP4 in Table 1. As the polarization basis is circular, the MS was analyzed with the setup
in Fig. 5(a,ii). The decomposition performed without filtering the unconverted light is shown
in Fig. 5(a) for the l ¼ 3.5 and l ¼ 6.5 with right and left CP inputs, respectively. Following the
expected decomposition spectrum provided by Eq. (13), which is shown by the clear bars, an
even spread between the closest OAM modes is expected, which continues outward with a steep
drop-off in the weightings on either side. Here, the parameters used in Eq. (13) were μ ¼ 0.5,
α ¼ π∕2, and θ ¼ −π∕2. This trend is also seen in Fig. 9(a) with the additional presence of l ¼
0 due to the unconverted modal contribution. Subsequently, a conversion efficiency of 76%
(83%) for l ¼ 3.5 ðl ¼ 6.5Þ was calculated. Consequently, the spatial profiles yielded intensity
in the center of the ring. It may be noted that a characteristic null along a side of both of the outer
rings for l ¼ 3.5 and l ¼ 6.5 reflects the fractional nature of the charge being carried. Using the
change in polarization for CP-generated modes to filter the unconverted light, the decomposition
performed on the modulated light is shown in Fig. 9. Here, insets Figs. 9(b,i) and 9(b,ii) show
projections of the modes based on the polarization. The OAM spectrum detected here is similar
to the simulated cases; however, the peak modal weights are slightly lower and the device also
generated 3.5% (4%) of l ¼ 10 alongside the fractional charge spectrum for l ¼ 3.5 ðl ¼ 6.5Þ.
The appearance of such undesired higher OAM modes could possibly be due to the complexity

Fig. 8 Experimental results for modal decomposition into the (a) LG0;l basis where l ¼ ½−5;5� for
modes generated from JP3 with the far-field transverse intensity profiles of (i) jl ¼ 1i in the hori-
zontal polarization basis and (ii) jl ¼ 5i in the vertical polarization basis. Arrows on the top-right
corner show polarization. Experimental decomposition into (b) the LGp;5 basis with p ¼ ½0;10� for
the l ¼ 5 mode with the (i) jlj-modulated ring holograms generating a (ii) flat phase-front ring
profile and (iii) a Gaussian hologram generating a (iv) flat phase-front ring profile. Grayscale
images on the top-right corner indicate encoded phase profiles and the clear bars indicate ana-
lytically expected results for perfect performance. The radial mode results are normalized over the
detection range.
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of the design where for these fractional modes, there is a line on the JP that yields a phase jump of
π across it, resulting in the destructive interference and a nonuniform field in the far field.
However, this still requires further studies in future MS designs. It follows that while the purity
of the state is reduced by 4% from the conversion efficiency, 72% (79%), it still remains rel-
atively high if compared with the expected purity, 78% (82%), calculated from the theoretically
simulated OAM spectrum shown in Fig. 3(a). Here the decreased conversion efficiency in com-
parison to the other devices may also be a result of the design complexity, but further studies are
needed for definitive explanations thereof.

5 Conclusion

With the myriad of applications for OAM containing light, including those requiring polarization
as a control for the generation, it follows that the purity of the generated modes is of substantial
significance for high fidelity outcomes. Similarly, ease of generation and flexibility of what val-
ues in degrees of freedom may be used (i.e., polarization and OAM modes) is of interest. As
such, we have fabricated MS elements that exploit a total spin-to-OAM conversion, allowing
freedom in both the OAM charges, including fractional values, produced in a single device, as
well as the incident polarization basis by which the charges may be generated.

We additionally employed a phase-flattening approach to analyze the performance of these
devices and decompose the generated beams into a known modal basis, illustrating this tech-
nique as a convenient and quantitative method by which both the purity and the efficiency
of such devices can be determined. Good performances of the devices were found with the low-
est conversion efficiency not falling below 75%, despite highly complex designs. Here the pres-
ence of unconverted light could be explained from the nonideal transmission and phase of the
selected nano-posts, limited by the finite possibility of its dimensions. In addition, higher-order
momentum conversion also theoretically results in less conversion efficiency and another sig-
nificant factor may be error between the fabricated and the designed nano-post dimensions.
Compared to other recently reported visible MS-based Pancharatnam–Berry devices, this device
indicates good performance in this regard with reported values ranging from 70%49 to 90%.50

A high fidelity was also shown for our devices where no additional modes were generated
alongside the engineered and unconverted charges with the nonfractional JPs. For the fractional

Fig. 9 Experimental results for modal decomposition into the LG0;l basis with l ¼ ½−3;10� for
(a) unfiltered and (b) filtered modes generated from JP4. Clear bars indicate numerically expected
results [Eq. (13)] for perfect performance. Insets give the far-field transverse intensity profiles for
generated modes (i) jl ¼ 3.5i and (ii) jl ¼ 6.5i with arrows on the top-right corner showing
polarization.
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case, the impurity of the generated modes was very low with only 4% of an extraneous mode
being additionally generated. Furthermore, similarity to the predicted decomposition spectrum
exceeded 78% with the unconverted light being filtered out.

Another distinct advantage shown for decomposition as an analysis technique is the ability to
then fully determine the dynamics of the beam as the properties of the basis modes are well
known. As was shown in case of expansion into the radial mode basis for l ¼ 5, a wide spread
into higher radial modes was seen accompanying a substantial reduction in the power remaining
in the often-desired p ¼ 0 mode. With this characterization, we also illustrate how to compen-
sate for this effect by controlling the amplitude degree of freedom in the generation step, con-
taining the generated mode within the desired p ¼ 0 mode.
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